The approximate glass content was determined, by the heat of solution method, for commercial portland cement clinker obtained from 21 plants througho ut the United States. The approximate glass content of these commercial clinker compositions was found to vary from 2 to 21 p ercent. The approximate glass content was also determined for these clinker compositions after the clinker had been subjected to special heat treatment in the laboratory. The res ults indicate that for a given clinker composition, the heat of solution of the clinker, and likewise the glass content, are dependent on the cooling conditions to which the clinker has been subjected. Relatively high glass contents may be obtained by cooling the clinker rapidly, and relatively low glass contents by cooling it slowly.
INTRODUCTION
Numerous attempts to correlate the properties of commercial portland cements with their oxide composition or computed compound composition, have met with only partial success. Cements of almost identical composition, and ground to the same degree of fineness, have shown pronounced differences in physical properties .
These variations in properties are not due to differences in chemical compo'Sition but to some other cause, for instance the heat treatments to which the clinker has been subjected during or following clinkering.
At the clinkering temperatures attained by present-day methods of portland cement manufacture, a considerable part of the charge is present as a liquid phase, the percentage of liquid produced being dependent on the chemical composition of the charge and on the maximum temperature attained. The disposition of this liquid p b ase in the clinker will be dependent on the subsequent rate of cooling.
If the cooling process is sufficiently rapid, a condition may be approached in which the liquid phase will be present as an "undercooled liquid" or glass. But if the cooling process is sufficiently slow to permit a continuous equilibrium, a completely crystalline product may be obtained. Intermediate rates of cooling may produce clinker of some degree of crystallization intermediate between these limits. The conditions of kiln operation which may be expected to affect the degree of crystallization, or conversely the glass content of the clinker are; the maximum kiln temperature; the rate at which the clinker passes through the kiln; the position of the hot zone with respect to the discharge end of the kiln; and the schedule of clinker cooling employed within the kiln and immediately subsequent to discharge from the kiln.
In a previous investigation by Lerch and Taylor [1] 2 it was found that the heat treatment of portland cement clinker has an important effect on some of the properties of the cement. The heat treatments employed in that study were of such character that different degrees of crystallization of the cement compounds and consequently different glass content might be anticipated, though the glass content was not determined quantitatively. A recent report by Lerch and Brownmiller [2] describes a heat of solution method for obtaining the approximate glass content of portland cement clinker. In the latter investigation it was found that rapidly cooled clinkers, prepared in an experimental kiln from commercial raw materials, contained relatively large quantities of glass.
The present report describes the results obtained for the approximate glass content, as determined by the heat of solution method, of 21 samples of standard portland cement clinker obtained from different plants throughout the United States as well as one additional sample of sulfate-resistant cement clinker. This report also contains the results obtained for the approximate glass content of these clinker compositions after they had been subjected to special heat treatments in the laboratory. The special heat treatments, to which the clinker was subjected in the laboratory, were of such chanicter that different degrees of crystallization of the clinker compounds, consequently differences in the glass content, might be anticipated.
II. EXPERIMENTAL PROCEDURE

TREATMENT OF THE CLINKER
In the request to the plants which supplied the clinker, it was suggested that the clinker should be freshly burned, should not be waterquenched, and should not have been exposed to undue moisture on the stock pile. As a result of this request the samples, as received from the plants, were all of relatively low ignition loss.
Each clinker sample, as received, was crushed between rolls, thoroughly mixed, and divided into three lots, one lot to be used as received, one lot to be reburned and rapidly cooled, and one lot to be reburned and slowly cooled. These samples were prepared and reburned in laboratory kilns by W. C. Taylor following methods described in a previous report [1] . The clinker to be rapidly cooled was reburn ed in an experimental rota.ry kiln at 1,400° C. The clinker obtained from this kiln was small, not exceeding 0.5 inch in diameter, and in the operation of the kiln the clinker cooled from the clinkering tem-perature to that of a dull-red heat, about 1,000° C, in 2 or 3 minutes. This clinker was designated "rapidly cooled clinker." The clinker to be slowly cooled was placed in an updraft gas-fired kiln and heated to 1,400° C . The gas and air were then adjusted in such manner as to allow the temperature of the clinker to decrease slowly over a 2hour period to 1,250° C. The gas and air 'were then cut off and the clinker was allowed to cool with the kiln. This clinker was designated "slowly cooled clinker." The third lot of clinker was used as received from the plant and was designated "plant clinker."
DETERMINATION OF THE APPROXIMATE GLASS CONTENT OF THE CLINKER
The determination of the approximate glass content of portland cement clinker, by the heat of solution method, is dependent on the latent heat of crystallization of the liquid phase. Thus it becomes necessary to prepare a crystalline material of each clinker sflmple. The crystallized materials were prepared by carefully "annealing" 3 a small quantity of the plant clinker in an electric furnace. The samples were placed in the furnace and heated to 1,400°C. The temperature of the furnace was caused to drop slowly over a period of 2 hours to 1,250° C, which is slightly below the temperature of final solidification of the liquid, and the charge was held at that temperature ± 10° C for 15 hours.
The heats of solution were determined, by the use of a vacuum-flask calorimeter [3] , for the rapidly ' cooled clinker, the slowly cooled clinker, the plant clinker and the crystalline material obtained by "annen,ling" in the electric furnace.
The heats of solution were determined in duplicate and the duplicate determinations agreed to within 3 cal/g in every case. Table 1 gives the complete data for all of the clinker samples used in this investigation, including t.he partial oxide composition, the calculated compound composition as computed by Bogue [4] and Dahl [5] , the Alz03/Fe203 ratio, the heats of solution on the ignited weight basis, and the approximate glass content of the clinker.
The clinker compositions which were " annealed" in the electric furnace and those which were slowly cooled in the updraft gas-fired kiln showed various degrees of dusting. Complete dusting occurred with some samples when "annealed" in the electric furnace and partial dusting occurred in some of the slowly cooled samples. There was no evidence of dusting with any of the plant clinker or any of the clinker which was rapidly cooled.
Since dusting, which is the result of beta to gamma inversion of 2CfiO.Si02, involves a thermal change, it was necessary to make a correction for this thermal change before calculating the approximate glass content of the clinker. Johannson and Thorvaldson [6] found that the heat involved in the transition of 2Cn,O.SiOz from the beta to gamma modification was 6.0 cal/g at 20° C. Thus for the compositions which dusted completely, when annealed in the electric furnace, a correction of 0.06 cal/g for each 1 percent of 2CaO.Si0 2 was added to the obtained heats of solution. For the annealed compositions which showed only slight dusting or no dusting, no corrections were applied to the obtained heats of solution.
The difference between the heat of solution of a given lot of clinker and the corrected heat of solution of the same clinker "annealed" in the electric furnace constitutes the basis for calculating the n,pproximate glass content for the clinker [2] . It is shown in table 1 that these differences are always positive for the plant clinker and for the rapidly cooled clinker, but that they are sometimes negative for the slowly cooled clinker. Th ese negative values obtained with the slowly cooled clinker may be accounted for as a result of small errors in the determination of the heats of solution, and as a result of thermal changes involved in the partial inversion of beta to gamma 2CaO.Si02 in some of the slowly cooled samples.
ESTIMATION OF THE CRYSTALLINE MgO IN THE CLINKER
In making the determi,nations of heats of solution it was found that periclase, crystalline MgO, as present in the clinker dissolved slowly in the acid solution. This suggested the possibility of a separation of MgO by the solution method. The sample of ground clinker was introduced into the calorimeter in the usual manner and the stirring continued for 10 minutes. The solution was then filtered on a suction filter and the residue ignited and weighed. By microscopic examination it was observed th at these insoluble residues consisted almost entirely of periclase, WIth not more than a trace of other material present. It was found that for a clinker of low MgO content, less than 2.0 percent, this insoluble residue would be very low regardless of the cooling conditions to which the clinker had been subjected. With a clinker of higher MgO content, 2.4 percent or more, a larger insoluble residue was ob tained by this method, and the quantity of insoluble residue varied with each clinker composition, depending on the method of cooling the clinker . A larger insoluble residue was obtained from the slowly cooled clinker than that obtained from the rapidly cooled clinker of the same composition. This seems to give further evidence that in the rapidly cooled clinker part of the MgO was dissolved in the glass with the result that this clinker contained less crystalline MgO, periclase, than did the corresponding slowly cooled clinker. The results of these determinations of insoluble MgO are given in table l. It should be borne in mind that these results do not represent the quantity of periclase present in the clinker, since part of the periclase has dissolved during the 10-minu te stirring interval.
III. DISCUSSION
The clinker samples used in this investigation were obtained from 21 plants throughout the United States; the range of their oxide composition represents the approximate range of the clinker compositions used in the manufacture of rstandard portland cement at the present time. It also seems probable that the methods of manufacture employed at these various plants constitute a representative cross section of present-day manufacturing processes.
The approximate glass content of the plant clinker was determined by the heat of solution method. The approximate glass content was also determined for these clinker compositions after they had been T AllLE I.-Analysis, calculated composition, and approximate glass content of commercial portland cement clinker and the glass contents of the same clinker after being subjected to special heat treatments subjected to special heat treatments in the laboratory. The special heat treatments, to which the clinker was subjected in the laboratory, were of such character that different degrees of crystallization of the clinker compounds, and consequently different glass contents might be anticipated. Factors other than glass content which may cause some slight variations in the heat of solution of the clinker have been discussed in a previous paper [2] .
The results obtained from this investigation indicate that, for a clinker of given oxide composition, the heat of solution of the clinker, and likewise the glass content, will be dependent on the cooling conclitions to which the clinker has been subjected. The largest heat of solution of a given clinker, that is the highest glass content, was obtained from the rapidly cooled clinker. The slowly cooled clinker always gave a lower heat of solution and was, therefore, of low glass content. In some instances the glass content of the plant clinker as received was of the same order as the minimum glass content of the slowly coolecllaboratory clinker. In other cases the glass content of the plant clinker closely approached the maximum glass content obtained in the rapidly cooled laboratory clinker. This seems to indicate that the cooling rates attained in commercial practice vnry in sufficient degree to produce large differences in the glass content of commercial clinker.
In a previous investigation [1] it was found that the heat treatment of portland cement clinker has an important effect on some of the properties of the cement. The heat treatments used in that investigation were essentially the same as the special laboratory heat treatments which were used in this investigation and which have now been shown to produce different glass contents in the clinker. Since the commercial products used in this investigation have been found to vary greatly in glass content, it seems probable that the variations in properties of commercial cements, which cannot be accounted for on the basis of composition, may be partly or entirely accounted for from a consideration of their glass content.
Previous investigators [2, 7, 8] have found that a considerable quantity of MgO dissolves in the liquid formed at the clinkering temperatures, and when the compositions were cooled rapidly this MgO remained in solution in the glass. The qualitative results of insoluble MgO, as obtained in this study, give furt.her evidence of th e solution of MgO in the glass. For each composition containing 2.4 percent of MgO, or more, the largest percentages of insoluble MgO were obtained from the slowly cooled clinker, whereas the lowest percentages were obtained from the rapidly cooled clinker.
